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Continued areal density growth in hard disk drives (HDD) is becoming 
increasingly difficult to achieve as Perpendicular Magnetic Recording (PMR) 
approaches the super paramagnetic limit of ~1Tb/in2. Heat-Assisted Magnetic 
Recording (HAMR) is on the verge of becoming the next generation of high-
density recording technology. Understanding the physical mechanisms behind 
the unique recording characteristics will be a critical step in the maturity of HAMR 
technology as it continues to make progress towards production. A notable 
difference between HAMR and PMR that has drawn a lot of recent attention is 
the curved shape of a recorded transition. Minimizing transition curvature is 
understood to be crucial for improving ADC, and current studies have shown that 
it could be imposing a significant limitation for HAMR. Here, we provide a 
comparison of HAMR and PMR ADC profiles in an HDD. We explore a new 
technique proposed for capturing magnetization footprint images through HDD 
testing, and take full advantage of a significantly improved cycle time to apply a 
statistical treatment to experimental curvature data to provide a quantitative 
analysis of factors that impact transition curvature in HAMR and PMR HDDs. We 
identify geometric effects resulting from skew angle that correlate well to changes 
in transition curvature. We also show the impact of laser power on transition 
curvature, and discuss how an understanding of this information can be used to 
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Chapter 1 – Introduction to Hard Disk Drives 
1.1 Hard Disk Drive Basics 
 Hard Disk Drives (HDD) are electro-mechanical devices that provide 
computer systems the ability to randomly store and access non-volatile digital 
information. HDDs were first introduced to the computing industry in 1956 when 
IBM announced its 350 Disk Storage Unit, which was a major component of the 
305 RAMAC (Random Access Memory Accounting and Control) system. 
Standing over 5 feet tall with a footprint of 12 ft2 and weighing nearly 2000 
pounds, the 3.75 MB capacity of the IBM 350 was stored on a stack of 50 disks 
that had a diameter of 24 inches at an areal density of 2k bits per square inch37. 
The advantage of being able to quickly access random pieces of data combined 
with a consistent exponential growth in areal density has made HDDs the 
predominant storage device in the computing industry for the past 6 decades. 
 The success of HDDs has perpetuated through the modern era of 
computing as a result of an explosive increase in the amount of data being 
generated. A 2013 study13 revealed that approximately 2.5 Exabytes (1018 bytes) 
of digital information is generated per day. At that rate, the entire library of digital 
information in existence just a decade earlier would now be generated over the 
span of only two days. The rate at which the digital universe is expanding has 
even out-paced what are already staggering predictions. In 2007, the first annual 
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white paper on data growth published by the Internet Data Center (IDC) 
predicted that the global datasphere would reach 988 Exabytes in 2010; however 
a later study found the actual number to be 1,227 Exabytes16. The latest IDC 
forecast28 predicts that the world will create and replicate 163 Zettabytes (1021 
bytes) of data in 2025. As the ability to utilize large sets of data improves, HDDs 
will likely continue to play a critical role in meeting the global demand for digital 
storage11.  
 Modern HDDs are logical block devices, providing computer systems with 
a level of abstraction that allows them to more easily manage how data is stored 
throughout the system. Inside an HDD, data is stored digitally on one or more 
magnetic disks. The disks are mounted to a spindle motor and rotate at a 
constant angular velocity. Typically, both the top and bottom surface of the disk 
are used to store information. To store and access data, a dedicated recording 
head for each surface is mounted to a mechanical arm, and a stack of one or 
more arms are attached to a rotary actuator. When an electrical current is applied 
to the actuator coil, the entire assembly rotates around a single pivot point in 
order to position the head over a desired location on the disk12.  
 The radial position of the recording head is controlled with a high degree 
of precision and accuracy by a servo controller. Small wedges of information are 
evenly distributed around the circumference of the disk to provide closed loop 
feedback of the recording head’s current position to the control system. These 
servo wedges are typically pre-written to the media before the HDD is 
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assembled. Radial locations on the disk are often described in general terms as 
existing within one of three ambiguously defined regions of the recording surface 
that refer to the outer-diameter (OD), mid-diameter (MD) and inner-diameter (ID) 
of the disk. 
 
Figure 1.1: Basic components of an HDD 
 HDDs organize data by dividing each disk surface into tracks and 
sectors12. A track can be described as the circumferential path a head will follow 
along the recording surface when the actuator is held in a fixed position. A sector 
is the smallest amount of data that an HDD will write or read from the disk. Each 
track typically contains multiple data sectors, where each sector consists of either 
 4 
 
Effects of Skew Angle and Transition Curvature in HAMR Hard Disk Drives Chapter 1 
512 or 4096 bytes of data, plus several additional bytes of information for 
functions such as addressing, security and error correction. Sectors are also 
sometimes referred to as blocks, and the two terms are often used 
interchangeably, however the distinction between them is that a sector describes 
the information as it physically exists on the media whereas a block describes the 
information as it is represented in the software that is used throughout the 
system.  
 
Figure 1.2: Illustration of head skew in an HDD 
 The tasks of writing information to the media and reproducing that 
information after it has been written are performed by separate write and read 
elements designed specifically for their respective purpose. Reproducing data 
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requires that the reader element is placed as closely as possible to the same 
position that the writer element was in when the data was written, and the ability 
to do so accurately will have a direct impact on recording performance. One of 
the most substantial sources of radially-dependent positioning error between the 
read and write elements is head skew. Figure 1.2 helps to illustrate to the 
concept of head skew, where the arc formed by the rotation of the actuator arm 
around the pivot causes the position of the read and write elements relative to 
each other and to the concentric track center to change as a function of radial 
location on the disk.  
 The skew angle is expressed as the angle that is formed between the 
centerline that runs through the pivot point and recording head along the length 
of the actuator arm and a line that is tangential to the concentric track at the 
location of the recording head27. By this definition, when the two lines connecting 
the recording head to the center of the spindle motor and the recording head to 
the actuator pivot intersect to form a right angle, the skew angle will be zero. 
Zero skew is a commonly used reference point when describing head skew as 
typically the read and write elements will have the best alignment with respect to 
track center and the effects of head skew are minimized. HDDs are typically 
designed such that the zero skew position is near the center of the recording 
area in order to minimize the negative effects of head skew. The magnitude of 
the skew angle increases as the head moves radially in either direction away 
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from zero skew and is defined to be positive in the direction towards the OD and 
negative in the direction towards the ID.  
 It should be noted that another common use of the term head skew refers 
to a technique for laying out sectors on the disk in a manner that minimizes 
rotational latencies during sequential operations that access data stored on more 
than one track, however the previous definition concerning recording head 
geometry is assumed throughout this paper. 
1.2 Magnetism and Magnetic Recording 
 Magnetic recording describes the storage of information using a 
magnetized medium and is the fundamental technology that enables nearly all 
mid to long term information storage, including HDDs. The magnetic recording 
media in an HDD is a multi-layer structure consisting of various materials that are 
deposited sequentially in thin film layers onto a much thicker non-magnetic 
substrate, with the material and thickness of each layer designed specifically for 
a unique purpose within the recording system34. The storage of information 
occurs in the recording layer, which is a continuous thin-film layer of 
ferromagnetic alloy material comprised of many highly ordered crystalline grains. 
Conceptually, each grain is assumed to be a single magnetic domain, and 
therefore its magnetization is considered in a saturated state and uniform 
throughout its volume. The magnetocrystalline anisotropy of each grain describes 
the property where magnetizing the grain in some directions requires more 
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energy than it does in others1. Since states that minimize the internal energy are 
preferred, the direction of the grain’s magnetization will tend to align to a well-
defined symmetry axis that is determined by its lattice structure. The hexagonal 
materials used in thin-film recording media have a single anisotropy axis and an 
anisotropy energy that is given by equation 1.1, where K is the anisotropy 
constant for a given material and θ is the angle between the magnetization and 
the anisotropy (easy) axis. Equation 1.1 can be used to show that two separate 
energy minima exist at θ=0° and θ=180°, indicating that the orientation of the 
magnetization can point in either direction along the anisotropy axis30.   
𝐸 = 𝐾 ∗ 𝑠𝑖𝑛2(𝜃) (1.1) 
  The application of an external magnetic field causes the magnetization to 
begin to align with the direction of the field. If the effective strength of the applied 
field is large enough to overcome the anisotropy energy, the magnetization 
polarity can be flipped from its current low-energy state to the other. The curve in 
figure 1.3 shows the magnetization (M) response to the strength of an external 
magnetic field (H) applied along the anisotropy axis, revealing the hysteresis of 
the material. This hysteretic behavior is the fundamental property that enables 
magnetic recording.  
 There are several pieces of useful information that can be extracted from 
the M-H loop in figure 1.3. The remnant magnetization (Mr), or the magnetization 
that is retained after the external field has been removed, is found at the points 
where the curve intersects the vertical axis. The coercivity (Hc), which is the 
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minimum applied field required to switch the magnetization polarity, occurs where 
the curve intersects the horizontal axis. The saturation magnetization (Ms) is the 
maximum magnetization that the material is capable of reaching, which is 
asymptotically approached as H→±∞.  
 
Figure 1.3: M-H hysteresis loop for hard magnetic materials 
 Information stored on modern HDDs is recorded using a digital format. As 
the rotating media passes beneath the recording head, the magnetization of the 
media is averaged over regions containing many grains. Binary values are 
determined based on whether or not a transition between magnetic states is 
detected within a synchronous timing window1. While there are multiple methods 
that can be used to store information on continuous thin-film media, the recording 
scheme most commonly found in modern HDDs is perpendicular magnetic 
recording (PMR). PMR is named for the orientation of the media magnetization, 
which points in a direction orthogonal to the surface of the disk. 
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Figure 1.4: Digital magnetic recording 
 Transitions are written to PMR media using an electromagnetic transducer 
that consists of a wire coil wound around a highly permeable core. In accordance 
with Faraday’s Law, applying an electrical current to the coil induces a magnetic 
field in the core, which is then used in close proximity to the media to manipulate 
patterns its magnetization. The shape of the transducer core is such that it has 
two poles at the head surface that direct the magnetic flux across the air gap and 
towards the media. To improve the ability to focus this field to a localized area of 
the recording surface, PMR media includes a layer of magnetically soft material 
called the soft under-layer (SUL) that is deposited below the recording layer34. 
The induced magnetic flux passes from the transducer core through the 
recording layer and into the SUL and then back through the return pole. The high 
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permeability of the SUL allows us to assume that the entire core structure is 
magnetically “imaged” in the SUL, further increasing the effective field. The return 
pole of the transducer is designed to have a much wider surface area than the 
main write pole, effectively decreasing the field density of the return path in order 
to avoid unintentional down-track erasure34. 
 The information stored in the magnetization pattern written to the media is 
later reproduced using a magnetoresistive (MR) sensor to detect changes in the 
magnetic flux on the media. The electrical resistance of an MR sensor is highly 
sensitive to external fields due to the magnetoresistive effect, where spin 
polarized electrical current flows more easily though a magnetized material when 
its magnetization is aligned in parallel to the spin orientation of the majority 
charge carrier as opposed to when the alignment of the magnetization is anti-
parallel1. A bias current is applied to the MR reader so that it operates in its 
highest region of sensitivity, in which case the voltage measured across the 
device closely resembles the electrical current signal that was supplied to the 
transducer when the pattern was written. Predicting the voltage response of the 
MR reader requires accounting for the dynamic interaction between the media 
flux and the magnetic properties of the recording head. This interaction is more 
easily understood using the reciprocity principle1, which uses a mutual induction 
approach to evaluate the system as a whole.  
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Chapter 2 – Areal Density Capability 
2.1 Formalism of Areal Density Capability 
 Areal density describes the amount of information stored on the media per 
unit of surface area, and has maintained an exponential compound annual 
growth rate (CAGR) since HDDs were first introduced in 1956. To put this in 
perspective, if the 2 Kbit/in2 areal density of the original IBM 350 were adjusted to 
the ~1 Tb/in2 of today’s HDDs, neglecting any other improvements in format 
efficiency, it would offer a total storage capacity of 1,875 TB. In the time from 
2003 to 2013, the average capacity of an HDD had increased from 17 GB to 565 
GB while the number of units shipped annually made a more modest increase 
from 200M to 600M14. This indicates that the increase in total storage capacity is 
dominated by increases in areal density, which means the surface area of each 
recorded bit is getting smaller. 
 Areal Density Capability (ADC) is a key metric for gauging growth in 
magnetic recording technology and directly impacts critical metrics at the system 
level such as capacity, performance and reliability11. The smallest size to which a 
recorded bit can shrink is ultimately limited by the maximum achievable signal-to-
noise ratio (SNR) of the recording system. The noise present in an HDD can be 
categorized into three sources: media noise, head noise, and electronics noise. 
Modern HDDs are considered to be media noise limited since it is the dominating 
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contributor across nearly the entire frequency spectrum2, 35. The media SNR is 
proportional to the number of magnetic grains per recorded bit. Increasing areal 
density while maintaining SNR requires fitting the same number of grains within a 
smaller surface area, meaning the size of each grain needs to become smaller.  
 The challenge with reducing grain size is maintaining thermal stability. The 
probability of the grain’s magnetization polarity randomly changing state due to 
thermal fluctuations over time is governed by the superparamagnetic limit30 given 
in equation 2.1, where fo is the attempt frequency, Ku is the anisotropy energy, V 
is the grain volume, KB is the Boltzmann constant and T is the temperature. We 
can see from the two terms in the numerator of the exponent in this equation that 
maintaining thermal stability in smaller magnetic grains requires using magnetic 








 Moving to higher anisotropy translates directly into higher coercivity, 
meaning the external field strength produced by the transducer must increase 
accordingly in order to maintain the ability to write the media. Unfortunately, 
recording heads are subject to another fundamental limitation3. For the known 
magnetic materials that are able to be used recording heads, the Slater-Pauling 
curve places an upper bound on the magnetic flux density in the transducer core 
at approximately 2.4 T. This three-way interdependency between SNR, thermal 
stability and media writabillity is known as the magnetic recording “trilemma”.  
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2.2 Heat Assisted Magnetic Recording (HAMR) 
 Applying the superparamagnetic limit to PMR finds the upper limit of the 
maximum achievable areal density to occur at approximately 1 Tb/in2, and the 
latest generations of HDD products are quickly approaching this limit. Extending 
areal density beyond this limit will require a new approach, and currently the 
most feasible successor to PMR is Heat Assisted Magnetic Recording (HAMR).  
 
Figure 2.1: HAMR write process 
 As its name suggests, HAMR addresses the superparamagnetic limit 
through temperature by temporarily heating a localized area of the media as the 
magnetic pattern is written. In most embodiments of HAMR, the media is heated 
using an integrated optical system consisting of a laser diode, a near-field 
transducer (NFT), and a coupling mechanism14. HAMR relies heavily on the 
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dependence of coercivity on temperature, particularly near the Curie temperature 
(Tc), which specifies a critical temperature above which the anisotropy and 
magnetization of the media become negligible1. Applying power to the laser 
creates a tightly focused optical spot directly beneath the recording head that 
heats the media above Tc before rotating out of the thermal spot and passing 
under the magnetic write pole. As the media quickly cools to ambient 
temperature in the presence of an applied magnetic field, the anisotropy is 














 The quality and characteristics of a written transition are determined by 
the effective switching field gradient. In the case of HAMR, the switching field 
gradient is given by equation 2.2, where the effective gradient is a combination of 
the field produced by the writer (Hw), the slope of the anisotropy field (Hk) as a 
function of temperature (T) and the spatial variation of the thermal profile in the 
media. The relationship between Hk and T is an intrinsic property of the recording 
medium and Hw is often assumed to be spatially uniform, therefore the effective 
gradient of a HAMR storage system is considered to be dominated by the 
gradient of the thermal profile. Effective write field gradients can be achieved in 
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 Modern HDDs store information at track widths below the diffraction limit 
of visible light3. Since the write process is dominated by the thermal profile, 
achieving ADC growth with HAMR requires the ability to focus light to spot sizes 
well below the diffraction limit. The NFT is a critical innovation that utilizes 
surface plasmon resonance to make HAMR technology feasible by modern 
standards. This is possible because surface plasmons are an electromagnetic 
mode that couple the electrons to the free space fields and therefore have an 
effective wavelength shorter than the light that excites it36. This enables HAMR to 
simultaneously achieve higher effective field gradients and higher track densities 
compared to PMR, providing an exciting opportunity for continued areal density 
growth in the near future. 
2.3 Comparing HDD Recording Schemes 
 The areal density in HDDs is typically reported in bits per square inch and 
is easily calculated by multiplying the number of media flux changes (or bits) per 
inch in the circumferential direction by the number of tracks per inch in the radial 
direction11. The ratio of bits per inch (BPI) to tracks per inch (TPI) is called the 
aspect ratio, which describes the width to length ratio of a recorded bit. 
 Although ADC is an incredibly meaningful metric in magnetic recording, 
using it to compare one design or technology to another can sometimes be 
difficult because the criterion for what makes a recording system “capable” is 
often subjective. To address this problem, a method was recently proposed7 as 
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an industry-wide standard for experimentally measuring and comparing ADC. As 
it applies to conventional (non-shingled) versions of PMR and HAMR, this 
method requires that first a test track is written to the media, and then the 
adjacent tracks on both sides of the test track are written 32 times each. The 
adjacent tracks are written using different encoded random data patterns under 
the same recording conditions as the test track. The written data must include a 
minimum of 50 data sectors that are 4 kB in length, which are re-read from the 
test track without applying any additional error correction until 10,000 
consecutive sectors have been read. The highest areal density where this 
procedure can be performed without any erroneous sectors is determined to be 
the areal density capability.  
 To demonstrate how the sensitivity of ADC to recording position in an 
HDD is significantly different between PMR and HAMR, this procedure was 
performed at various locations distributed across the entire recording surface for 
groups comprised of 10’s of HAMR and PMR drives. ADC was measured across 
a full range of BPI and TPI settings, and in the case of HAMR, laser power was 
also allowed to vary. All other parameters were held constant at nominal 
conditions which are typical of field operation. Figure 2.2 shows the measured 
ADC normalized to the maximum value of each surface as a function of disk 
radius for HAMR and PMR. To illustrate the profile shape across the stroke, the 
piecewise interpolated average for each group is shown using a solid line for 
HAMR and a dashed line for PMR. This data shows that for PMR HDDs, the 
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maximum ADC is achieved at a location near the MD, and appears to roll off 
symmetrically as the head moves to either side of this point. On the other hand, 
the ADC profile in a HAMR drive is asymmetrical across the stroke and heavily 
favors the ID of the disk. 
 
Figure 2.2: ADC profile comparison between HAMR and PMR 
  Understanding the physical mechanisms that drive these profiles to 
appear so fundamentally different will be a critical step towards the maturity of 
HAMR technology. A notable difference between HAMR and PMR that has 
drawn a lot of recent attention is the curved shape of a recorded transition. 
Minimizing transition curvature is understood to be crucial to improving ADC, and 
the following chapters are dedicated to experimental studies that explore several 
aspects of transition curvature in detail.      
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Chapter 3 – Transition Curvature 
3.1 Characterizing Transitions 
 In an ideal recording system, a written transition from one magnetization 
polarity to the other will occur instantaneously at a fixed location in the down-
track direction (x) independent of cross-track position (z). In practice, the 
transition occurs over some non-zero distance in the down-track direction due to 
the imperfect alignment of the grains on either side of the transition. The 
magnetization distribution across a transition is described by equation 3.1 where 
x is taken in the down-track direction, Mr is the remnant magnetization, and a is a 
constant proportional to the transition width that is commonly referred to as the 




𝑡𝑎𝑛−1(𝑥 𝑎⁄ ) (3.1) 
 Magnetic transitions in high-density recording also exhibit a curved shape 
in the cross-track direction. As shown in figure 3.3, curvature has a significant 
impact on off-track read performance23, 25 by introducing a phase delay in the 
read-back signal. Transition curvature has been shown to play an important role 
in on-track performance loss as well10, 18. Early recording models accounted for 
curvature as variation in transition width, which is also how it is typically observed 
experimentally. However, unlike transition width, the spectral response of 
amplitude loss to transition curvature at high frequencies is non-linear and 
 19 
 
Effects of Skew Angle and Transition Curvature in HAMR Hard Disk Drives Chapter 3 
therefore must be considered as a separate effect10. Transition curvature is an 
important characteristic to consider when examining areal density capability 
because unlike many other factors that limit the recording system, curvature 
affects both on-track and off-track performance8, 18. The off-track performance 
determines track pitch capability and on-track performance determines linear 
density capability. 
 
Figure 3.1: Read-back signal phase shift due to reader offset position 
3.2 Microtrack-Based Magnetic Footprinting 
 The most direct methods of measuring curvature once a pattern has been 
written involve removing a disk from the spinstand or drive and using metrologies 
such as magnetic force microscope (MFM) to physically examine the 
magnetization pattern10, 18. Despite providing a high degree of accuracy, this type 
 20 
 
Effects of Skew Angle and Transition Curvature in HAMR Hard Disk Drives Chapter 3 
of analysis can be time-consuming and destructive, and therefore is not practical 
for large-scale experiments20. 
 Footprinting is an increasingly popular tool used to recover an image of 
the magnetization pattern on the media using the voltage response of the MR 
reader. This type of analysis has been demonstrated to provide similar results to 
MFM images and allows for the same head/media combination to be tested 
under various recording conditions21. Footprinting is performed by capturing the 
voltage wave form from the reader at closely-spaced reader offset positions in 
the cross-track direction. The resulting series of waveforms are overlaid onto a 
single plot with one axis representing their respective offset position creating a 
two-dimensional scan-line image of the magnetization pattern of the media. 
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 Previous studies20, 21 have shown that achieving an accurate 
reconstruction of the written pattern in this manner can be challenging. The 
voltage signal output by the reader is heavily distorted by the convolution of the 
reader sensitivity function with the media magnetization pattern due to the finite 
cross-track width of the read element. In addition, the significantly large reader 
width causes a cross-track averaging effect which typically results in 
measurements that under-estimate recording parameters such as transition 
curvature20. Early methods to account for finite reader width effects required 
measuring the reader response to bulk-erased AC noise in order to deconvolve 
the reader reciprocity from the written pattern, but this approach has also been 
shown to have significant potential for providing inaccurate results.  
 The most effective method known to mitigate the negative influence of 
reader width effects is through an approach that uses some form of microtrack-
based measurements. A microtrack is an isolated section of a written track that is 
created by trimming the track using AC-erase writes adjacent to each side of the 
track. In doing so, only a fraction of the original pattern is focused to a narrow 
portion of the reader width, effectively simulating the conditions of a localized, 
narrow reader. To produce an image that encompasses the full width of the 
written track, multiple trimmed microtracks are created at tightly-spaced offset 
positions distributed evenly in the cross-track direction9. After a center-aligned 
signal trace has been acquired for each microtrack, the signals are phased-
aligned based on a cross-correlation of the AC background noise, and then 
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combined to create a 2D image of the magnetization footprint. This has been the 
preferred method of microtrack-based imaging for several years4,8,9. Even though 
this is a major improvement over using MFM and various reader deconvolution 
techniques, it is not without its own limitations. The iterative nature of writing, 
trimming and reading the required number of offset microtracks still takes a 
significant amount of time to produce a single image, and the need to re-align the 
phase of each offset trace presents several possible sources of substantial 
measurement error5. 
3.2.1 Transverse Microtrack Method 
 A new approach to footprinting has recently been introduced5 that 
eloquently addresses the limitations of previous discrete-microtrack based 
methods. In this approach, the same principle of using a microtrack to remove 
the reader averaging effect is used. However, instead of dividing the data track 
into discrete sections, a single, continuous microtrack is created by trimming the 
microtrack at a slight angle to the axis along which it was written.  
 Schematic diagrams outlining the procedure of transverse microtrack 
footprinting are provided in figure 3.3. In this method, a low frequency single tone 
sample pattern is written within one wedge-to-wedge timing window. Before any 
trimming occurs, an on-track reference trace is acquired to determine the period 
of the written pattern, which is illustrated by the dashed lines in figure 3.3 (a). A 
sinusoidal signal is introduced into the servo positioning system that causes the 
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Figure 3.3: Transverse microtrack footprinting method 
head to slew across the previously written data along a transverse trajectory. As 
shown in figure 3.3 (b), offset erases are performed to trim the transverse 
microtrack along this trajectory, and then a signal trace is acquired along the 
center of the transverse microtrack. The transverse signal trace is then divided 
into segments, where each segment represents a slightly different cross-track 
offset position. The length of each segment is a positive integer multiple of the 
signal period that was determined from the concentric reference trace. The final 
step is shown in figure 3.3 (c), where the individual segments are combined to 
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create a 2D scan-line image containing several cycles of the sample pattern 
magnetization. The resulting image is similar to the footprint image obtained 
using an iterative discrete-microtrack approach, but with significantly improved 
cross-track resolution and can be acquired in a fraction of the time. 
 
 
Figure 3.4: Extracting transition curvature from footprint image  
 Processing the signal traces can provide parametric results of recording 
characteristics such as transition curvature that can be used for quantitative 
analysis and comparison5. An average cross-track curvature profile is determined 
by first finding the down-track phase shift with respect to the reference trace for 
each of the segments used to create the 2D footprint image. The phase shift and 
its corresponding cross-track offset form a single data point for each transverse 
trace segment. A curvature profile is determined using a least squares approach 
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to fit a quadratic polynomial to this data set, as shown by the example in figure 
3.4, where the cross-track position is assumed to be an independent variable.   
3.2.2 Experimental Setup 
 In the following sections, the transverse microtrack footprinting method is 
used to measure and compare written transition curvature in an HDD. Unless 
specified otherwise, all HDD measurements occur with the disks spinning at 
10.5k RPM in a 2.5-inch form factor. Read-back voltage signals are captured 
using a digital oscilloscope. Drives are tested in an environment that minimizes 
disturbance from external mechanical vibrations. HDD case temperature is 
consistent at approximately 1-2°C above ambient room temperature, and held 
within +/- 1°C for all measurements included in a given experiment. The 
clearance between the head and media surfaces is actively controlled to maintain 
a constant spacing between that is consistent with typical drive use. The laser 
power in HAMR drives is chosen by finding the best error rate in the presence of 
adjacent track writes in a similar manner used in previous HAMR HDD studies6. 
The bit length and servo-defined track pitch used are approximately equivalent at 
all locations on the recording surface. 
 Our measurement technique deviates slightly from the original description 
of the transverse microtrack method given in section 3.2.1 in that the roles of the 
concentric and transverse track trajectories have been swapped so that the 
sample pattern is written along the transverse track trajectory and trimmed along 
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the concentric track trajectory in order to more accurately control the offset 
position of the writer during trim writes. Transverse microtracks are trimmed to 
widths of 25% to 30% of the full track width and the edges of the re-constructed 
track profile are defined on either side at the cross-track offset where the average 
signal amplitude has dropped below 50% of the on-track value. The length of the 
reconstructed footprint image is chosen to include 4 full cycles of the sample 
pattern. 
 Many previous studies9,10,15,18,21-23 have introduced their own various 
metrics for quantifying transition curvature. Leveraging from this work, the 
experimental results in the following sections are quantified in two different ways. 
The first is simply by using the second-order coefficient c from the quadratic fit 
cz2 + bz + a in units of nm-1. The second metric used is the maximum deviation in 
the location of the transition along the down-track direction. In terms of how this 
applies to the curvature profile, we are taking the down-track distance from the 
nose to the furthest tail at the edge of the track.  Determining which metric is 
most suitable depends whether we are interested in on-track or off-track 
performance. Since our goal is to improve the general understanding of transition 
curvature, both values will be included in our results. Sample size selection is 
covered in detail in the next section. Unless specified otherwise, all experimental 
results in this paper are found by taking the average of 10 repeated 
measurement samples in order to improve uncertainty. 
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3.2.3 Measurement Capability Analysis 
 To properly quantify transition curvature using the transverse microtrack 
method, we will first evaluate the measurement capability of this experimental 
setup. In this section we apply a statistical treatment to a reasonably large 
number of repeated measurements as well as provide a quantitative comparison 
to results from previous experiments in order to establish the accuracy and 
repeatability of our measurement system. 
 
Figure 3.5: Variation of repeated curvature profile measurements 
 Figure 3.5 shows the fitted curvature profiles from 40 individual 
measurements repeated within the shortest possible time span using the same 
experimental setup to test the same drive at the same disk location under the 
same recording conditions for each measurement. 
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Figure 3.6: Distributions of curvature coefficient and down-track phase delay 
 Distributions of the curvature coefficient and maximum down-track phase 
shift are shown in figure 3.6 and include a dark line to show the continuous curve 
fit of a normal (Gaussian) distribution.  A Shapiro-Wilk test is used to determine 
the goodness of fit to a normal distribution, yielding p-values of 0.73 and 0.627 
for the coefficient and phase shift distributions respectively, indicating that the 
assumption of normally distributed variation in both metrics is very reasonable. 
∆(𝑎, 𝑏)|𝑚𝑖𝑛 = √
4𝜎2(𝑍𝛼 2⁄ + 𝑍𝛽)2
𝑁
 (3.2) 
  The mean value of the curvature coefficient is 0.027 nm-1 with a standard 
deviation of 0.0022 nm-1. The down-track phase delay has a mean value of 28.6 
nm with a standard deviation of 2.69 nm. With this information we can calculate 
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our measurement uncertainty at a 95% confidence interval when the mean of 10 
measurement samples is used. We find the measurement uncertainty to be 
0.00137 nm-1 and 1.67 nm for the coefficient and down-track delay metrics 
respectively. 
 The minimum detectable difference (Δ|min) between the mean values of 
two groups of measurement samples a and b that contain a combined total of N 
measurements can be determined using equation 3.2, where σ is the (assumed) 
standard deviation, and the variables Zα/2 and Zβ are coefficients of a normal 
distribution determined by the statistical power and confidence interval desired 
for a given experiment. A 95% confidence interval and 80% statistical power are 
common values chosen to provide a reasonable level of statistical certainty33, 
and correspond to coefficient values of Zα/2 = 1.96 and Zβ = 0.84. Applying the 
standard deviations from our repeatability experiment, and again choosing a 
sample size of N = 20 total measurements (N/2 = 10 measurements in each 
group), we find that the minimum detectable difference in the curvature 
coefficient is 0.0029 nm-1 and similarly for the down-track phase delay is 3.57 
nm. This corresponds to detectable differences of 10.75% and 12.45% with 
respect to the means of the distributions in figure 3.6.  
 To improve confidence in our results and identify any potential 
measurement bias or systematic errors, we leverage modeled and spinstand 
curvature data from another recent study4 to provide a benchmark for 
comparison. Three HAMR curvature profiles are shown in figure 3.7 that were 
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obtained by applying distinctly different methods to a similar head and media 
configuration. The modeled profile was derived from the magnetization patterns 
generated by a Landau-Lifshitz-Gilbert (LLG) based simulation, with a curvature 
coefficient of 0.0182 nm-1 and maximum down-track offset of 37.1 nm. The profile 
measured on spinstand was found using a discrete-based microtrack method 
and has a curvature coefficient of 0.0141 nm-1 and maximum down-track offset of 
37.1 nm. The HDD profile was measured using the experimental setup described 
in the previous section and resulted in a curvature coefficient of 0.0131 nm-1 and 
a maximum down-track offset of 15.9 nm.  
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 The modeled and spinstand results assume a fixed track width of 
approximately 90 nm to determine the edges of the track, significantly larger than 
the track width at 50% amplitude of 68.5 nm measured in drive, making it difficult 
to compare the maximum down-track offset. However, if we truncate the modeled 
and spinstand profiles to assume the same track width as our drive 
measurement, we can use corrected down-track offsets of 24.116 nm and 18.169 
nm for the modeled and spinstand respectively.  
 Upon visual inspection, all three methods appear very similar in the region 
near the track center, however the comparison that is of most interest in the 
context of this section is between the drive and spinstand measurements since 
both results were found experimentally. The agreement between the LLG model 
and spinstand has already been discussed in the study that produced the data4. 
The discrepancy between drive and spinstand measurements in this example is 
considerably less than one standard deviation for both curvature metrics, and 
therefore as a rule of thumb33 we can conclude that the agreement between them 
is satisfactory. In more explicit terms, the difference between the experimental 
methods is too small to reject the null hypothesis that both results are equal with 
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Chapter 4 – Experimental Study of HAMR Curvature 
4.1 Comparison to Perpendicular Recording 
 Consistent with the ADC comparison provided in section 2.3, conventional 
(non-shingled) perpendicular recording is used as the reference case for 
transition curvature analysis. Experimental spinstand studies4,8 have shown that 
HAMR transitions have significantly more curvature than PMR, which is thought 
to impose a substantial limitation on linear density in HAMR26. In figure 4.1, we 
demonstrate that the increased curvature with HAMR is observed in HDD testing. 
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 The comparison provided in figure 4.1 shows an average HAMR curvature 
profile with curvature metrics that are 2-3 times greater than the accompanying 
PMR profile. The HAMR profile has a curvature coefficient value of 0.021 nm-1 
and maximum down-track shift of 25.3 nm compared to an average PMR 
curvature profile with a coefficient of  0.0063 nm-1 and a maximum down-track 
shift of 10.7 nm.  
 
Figure 4.2: PMR curvature profiles measured at OD/MD/ID skew angles 
 Several experimental and theoretical studies18,21 have been published on 
characterizing transition curvature in PMR and the impact it has on areal density. 
The curvature in PMR transitions is primarily attributed to contours of the 
switching field distribution in the media during the write process25. It has been 
demonstrated that modifying the geometry of the trailing edge of the main write 
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pole has a significant influence on the shape of the transition23. It has also been 
shown that through the same mechanism, changing the skew angle can 
introduce asymmetry into the recording characteristics27. This asymmetric effect 
is observed experimentally through drive testing by the three curvature profiles in 
figure 4.2 measured in a production PMR HDD at zero skew and +/- 11° skew 
angles. The OD, MD and ID profiles have respective curvature coefficients of 
0.0057 nm-1, 0.0064 nm-1, and 0.0061 nm-1, and maximum shifts in down-track 
position of 13.37 nm, 9.45nm, and 12.77 nm. This observed transformation in 
profile shape that is induced by changing skew angle is discussed at length in 
section 4.2. 
4.2 Skew Angle 
 Throughout the catalog of published research on transition curvature in 
PMR, little effort has been devoted to the interaction between transition shape 
and skew angle. In this section, we examine how the transition curvature 
changes across the full stroke of the actuator, and find the sensitivity to be 
dominated by head skew. The influence of head skew on transition curvature in 
HAMR can be decomposed into two main effects: increased asymmetry of the 
profile shape, and a slight decrease in the coefficient of curvature. 
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Figure 4.3: HAMR footprint images showing the impact of head skew 
4.2.1 Curvature profile asymmetry  
 The transition curvature in a HAMR HDD becomes increasingly 
asymmetrical as the head moves away from zero skew. Footprint images and 
their corresponding curvature profiles measured at zero skew and at +/- 14° 
skew angles are provided in figures 4.3 and 4.4 respectively, resembling the 
behavior observed with PMR in figure 4.2. As the skew angle is increased, the 
“nose” of the profile shifts away from the center of the track by as much as 10 
nm, moving radially away from zero skew. This causes a balanced shift in the 
down-track offsets where the transition meets the edges of the track, increasing 
by ~10 nm on the side closest to the MD and decreasing by a similar amount on 
the opposite side. The net result is a 10 nm increase in the maximum down-track 
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offset. The transformation of the curvature profile occurs with mirrored symmetry 
around the zero-skew radius, suggesting that head skew is the primary factor 
driving this change and that the contribution of linear velocity is negligible. 
 To better understand the curvature profile asymmetry, we examine how 
the geometry of the recording process changes with skew. Figure 4.5 provides a 
schematic drawing that illustrates the orientation of the write pole and media 
thermal spot when the head is positioned at zero skew compared to when a large 
skew angle is introduced by moving the head to the far ID of the disk. With the 
head positioned at the ID, the skew angle is reflected as a change in the angle 
between the leading edge of the write pole relative to track center.  
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Figure 4.5: HAMR recording geometry change with skew angle 
 We define a set of axes along the cross-track and down-track directions 
with an origin at the point where the leading edge of the write pole intersects the 
center of the track. If we imagine a line that follows the leading edge of the write 
pole and extends infinitely in either direction, we can see that the slope of this 
line is determined by the tangent of the skew angle. The equation of this 
imaginary line (equation 4.1) establishes a reference for the location of the edge 
of the write pole in the down-track direction (x) as a function of cross-track 
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position (z) for a given skew angle (α). Taking the position of the write pole at 
zero skew (α = 0) as the nominal case, the change in the down-track location of 
the leading edge at a desired skew angle (α = α’) is found by evaluating the 
expression x(z,α’) – x(z,0), which simply reduces back to x(z,α’).  
𝑥(𝑧, 𝛼) = 𝑧 ∗ tan⁡(𝛼) (4.1) 
 We will assume for now that the influence of head skew on the shape and 
position of the thermal spot is negligible and also that the width of the write pole 
is much larger than the width of the thermal spot. Under these assumptions, 
applying equation 4.1 for a given skew angle directly reflects the change in down-
track separation between the thermal spot and the write pole as a function of 
cross-track position. This skew-induced change in down-track spacing is 
depicted in figure 4.5 using dotted lines drawn between the write pole and 
thermal spot near the outer edges of the track. Examining the case where the 
head is positioned at an ID skew angle, the distance between the edge of the 
writer to the thermal spot has increased along the OD edge of the track (xOD(α<0) 
> xOD(α=0)), and similarly decreased along the ID edge of the track (xID(α<0) < 
xID(α=0)). 
 We understand intuitively that because the curvature profile is determined 
by fitting a quadratic polynomial to an independent variable (z), any asymmetry 
with respect to track center is represented entirely within the linear term of the 
resulting equation. Using this information, figure 4.6 reveals a nearly 1:1 
correlation between the change in pole-to-spot spacing from equation 4.1 and the 
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curvature asymmetry as determined by the linear coefficient of the fitted 
quadratic equation. This data includes measurements from a sample of 8 HAMR 
HDDs that were each measured at 7 different skew angles across the media 
surface, showing the tangent of the skew angle on the horizontal axis and the 
first-order coefficient on the vertical axis.  
 
Figure 4.6: Predicted and measured curvature profile asymmetry 
 Knowledge of this relationship could provide a potentially useful way of 
estimating the shape of the profile at any skew angle if the curvature profile at a 
single location is known. Two such examples are given in figure 4.7 for curvature 
profiles at the OD and ID, with two curves being shown for each location. Solid 
lines are used to show the profiles that were fit to experimental data taken at their 
respective skew angles, and the dashed lines show very similar profiles that were 
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found simply by adding equation 4.1 to the equation of the curvature profile 
measured at zero skew.  
 
Figure 4.7: Comparison of actual vs predicted curvature profiles at OD and ID 
 A theoretical approach to correcting transition curvature in HAMR 
proposes the use of a write field with an amplitude that varies in the cross-track 
direction26. The principle behind this idea is to take advantage of the inverse 
relationship between applied field and the “freezing” temperature where 
recording occurs. The shape of the transition is determined by where the 
recording temperature occurs within the thermal profile. In the case of a uniform 
applied field, the recording temperature follows a single contour of the thermal 
gradient resulting in a transition that closely mimics the curved shape of the 
thermal profile. However, if an applied field profile that increases in strength with 
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its distance away from track center is used, recording will occur at a higher 
thermal contour at the track center and move to lower thermal contours towards 
the track edges. The end result is an effectively straightened transition shape, 
however this is achieved at the expense of a poorly defined transition in the low-
field region.  
 The observation of skew-induced curvature asymmetry can be explained 
in a very similar manner. Given that our experimental data strongly supports a 
connection between curvature asymmetry and the orientation of the write pole, it 
seems reasonable to hypothesize that the underlying mechanism involves some 
amount of spatial variation in the effective write field within the vicinity of the 
thermal spot. We assume a write field that decreases in amplitude as the 
distance from the write pole increases. The decreasing field amplitude as a 
function of distance translates to an increasing recording temperature as a 
function of distance26. This implies that a change in distance from the write pole 
would cause the recording temperature to move to a different contour of the 
thermal profile. In the case of a head positioned at an ID skew angle shown in 
figure 4.5, the increase in spacing from the write pole at the OD side of the track 
would shift the recording temperature to a higher thermal contour that is closer to 
the peak of the thermal profile.  Similarly, the recording temperature at the ID 
side of the track would shift to a lower thermal contour away from the profile 
peak. The end result is a recorded transition that has deviated asymmetrically 
from the true shape of the thermal spot. 
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4.2.2 Curvature coefficient sensitivity to skew 
 In addition to the dramatic differences in profile shape, a less obvious 
skew-related sensitivity is found in the actual amount of curvature. It is difficult to 
observe by just looking at the OD/MD/ID profiles due to the large amount of 
curvature and asymmetric profile distortion; however figure 4.8 shows the 
quadratic coefficient of 8 HAMR drives measured at seven different skew angles 
distributed across the stroke.  
 
Figure 4.8: Curvature coefficient as a function of actuator skew angle 
 The curvature coefficient distributions show a peak in curvature coefficient 
at zero skew and a small yet statistically significant decrease in curvature as the 
head moves away from zero skew. It is worth pointing out that although a ~0.006 
nm-1 difference may appear small compared to the total overall curvature of the 
transition; this delta alone would account for nearly the entire amount of 
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curvature in a PMR transition profile. Also, similar to the asymmetry effect 
discussed in the previous section, this coefficient reduction occurs symmetrically 
about the zero-skew radius, suggesting that linear velocity does not make any 
significant contributions to the curvature profile. 
4.3 Laser Power 
 In the past we have shown that changing the power applied to the laser, 
and consequently the heat energy transferred into the media, has a direct 
influence on a number of variables in the drive, including on-track error rate, write 
sensitivity to head-to-media spacing, track width, ambient temperature, linear 
velocity, and ADC6.  
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 We can also show the effect that changing laser power has on transition 
curvature. Figure 4.9 shows the average curvature profile measured at zero skew 
at different laser power settings, normalized to the initially calibrated laser power 
and increasing in increments of 5% of the effective laser power. For clarity, the 
curvature profiles measured at 100% and 110% effective laser power settings 
are omitted from figure 4.9.  
 
Figure 4.10: Transition curvature coefficient decreasing with laser power 
 Consistent with early modeled predictions3 and recent experimental 
observations5, we observe three effects occurring simultaneously as laser power 
increases: an increase in width of the track, an increase in the maximum down-
track shift of the transition location, and a decrease in the curvature coefficient. It 
has been shown previously6 that the width of the track increases linearly with 
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laser power above a certain point. In this case, the expansion occurs at ~1.4 nm 
per percent change in laser power. The reduction in transition curvature 
coefficient given in figure 4.10 also appears to follow a fairly linear trend with 
laser power, with a mean difference of 0.0077 nm-1 across the 20% range of 
laser power tested, with a statistical uncertainty of +/-0.0019 nm-1.  
 
Figure 4.11: Maximum down-track phase shift sensitivity to laser power 
 The increase in maximum down-track transition position is 15.14 nm, with 
a statistical uncertainty of +/- 2.76 nm. Unlike the track width and curvature 
coefficient, a linearity of the dependence on laser power in figure 4.11 is not as 
easily apparent. All three of these effects can be attributed to a thermal profile 
that increases in amplitude with laser power due to more optical energy being 
 46 
 
Effects of Skew Angle and Transition Curvature in HAMR Hard Disk Drives Chapter 4 
coupled into the media, which causes the diameter of the thermal contour where 
the temperature approaches Tc to also increase.  
 We can show in figure 4.12 that the reduction in curvature with laser 
power is consistent across the stroke. Qualitatively, the coefficient sensitivity to 
skew angle shown in section 4.2.2 appears to flatten out when laser power is 
increased, however the sample size in this case is too small to support this 
observation statistically. 
 
Figure 4.12: Laser power effect on curvature coefficient across the stroke 
 One final thought on laser power sensitivities is that because laser power 
is coupled with many environmental variables, an understanding of these effects 
is not only beneficial for improving recording performance, but also provides an 
easy sanity check to show that experimental results are not artifacts of other 
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uncontrolled variables. For example, referring back to the coefficient sensitivity to 
skew angle in figure 4.8, it would be reasonable to question if the observed 
change in curvature was actually the result of variation in calibrated laser power. 
Not shown in section 4.2.2 is the track width that was measured at each skew 
location, which does show some variation across the stroke on the order of a few 
nanometers. We now know that the curvature decreases by an average of 
0.00039 nm-1 per percent change in laser power, explaining the 0.006 nm-1 
curvature difference in figure 4.8 would require an ~15% variation in laser power. 
With the rate of track width expansion found to be ~1.4 nm per percent change in 
laser power, the resulting variation in measured track width would need to be ~22 
nm. This amount of variation is an order of magnitude larger than what was 
actually observed, supporting the hypothesis that an actual geometric profile 
dependence was detected in our experiment. While the experimental results 
appear to be valid, more work is needed to understand the physical root cause of 
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Summary 
 The characteristics of areal density capability in a hard disk drive are 
impacted by the location where the data is recorded on the disk. The factors that 
contribute to this change in a HAMR drive are different from conventional PMR. 
The curvature of the written transition is one of the variables contributing to this 
difference. It has been demonstrated that the impact of finite reader width effects 
on magnetic footprinting can be sufficiently mitigated in HDD testing by using a 
transverse microtrack approach, and measurements of the curvature of a written 
transition can be performed with acceptable repeatability and are consistent with 
expectations based on prior modeling and spinstand work. It has been shown 
that transitions written with HAMR have much higher curvature than those written 
with PMR, and skew angle and applied laser power have been shown to 
significantly impact transition curvature. Both PMR and HAMR technologies 
exhibit a similar characteristic change in profile shape that depends on skew 
angle. For the case of HAMR, we have shown that this change has a high 
correlation to the geometry of the write pole as a function of skew angle, and 
discussed a possible explanation based on an interaction between changing 
distance between the write pole and thermal spot combined with spatial variation 
in the write field in the vicinity of the thermal spot. Increasing skew angle has also 
been shown to cause a decrease in the amount of curvature. As the applied laser 
power in a HAMR system is increased, the size of the thermal profile in the 
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media also increases, resulting in a simultaneous decrease in curvature and 
increase in track width and maximum down-track shift in transition location.  The 
measured curvature and track width response to laser power has been shown to 
provide additional evidence to support observed curvature dependence across 
the stroke. While significant insight to the behavior of transition curvature in an 
HDD has been provided, the change in curvature across the stroke does not 
explain the radial dependence of ADC, and therefore more work is needed to 
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